Nickel oxide (NiO) is one of the most-studied transition metal oxides, and has potential applications in electrochromic devices, 1 UV detectors, 2 and gas sensors. 3 It is a well-known p-type semiconductor with a NaCl-type structure. 4 The resistivity of NiO can be controlled by doping with monovalent cations such as Li + , which generates charge carriers. It has previously been reported that when Li + is partially substituted at the normal Ni 2 + sites in NiO, the substitution is compensated by an increase in the concentration of Ni 3 + and O − to preserve charge neutrality, 5, 6 and the oxide becomes a black semiconductor. 7 Recent studies have revealed that the band gap for Li x Ni 1−x O (0 < x ≤ 0.25) ranges between 2.6 and 3.7 eV, whereas the non-doped NiO has a wide energy band gap in the range from 3.6 to 4.0 eV. 8, 9 In addition, the growth of NiO epitaxial thin films containing large amounts of Li with a (111) orientation on sapphire (0001) substrates 10 was also recently achieved using room-temperature pulsed laser deposition. A precise investigation of the nature of the doped-hole states in Li x Ni 1−x O is important for better understanding the mechanisms underlying of its electrical and transport properties. It is also critical for further improvements of Li-doped NiO characteristics for a wider spread of applications. This issue is strongly related to understanding the nature of the first ionization states on top of the valence band (VB).
In this regards, the controversial electronic structural studies of NiO had been triggered in the late 1980s with the a) KUMARA.Rosantha@nims.go.jp b) SAKATA.Osami@nims.go.jp transition from prototype Mott-Hubbard insulator to charge transfer insulator. 11, 12 The first ionization state of NiO was reported as mainly of d 8 L character determined from the configuration-interaction cluster model calculation. Here, L denotes a hole in the O 2p ligand state. The satellite was mainly a d 7 -like state at a higher binding energy. 13 Furthermore, Kuiper et al. 14 revealed the d 8 L character of the first ionization state, where the holes compensating the Li + impurity charge in Li x Ni 1−x O are located primarily in the O 2p states and localized around the Li impurity forming in the semiconductor. The double peak structure of the main line of NiO was explained, using the multisite cluster (MSC) model, as competition between screening electrons from surrounding ligands and ligands around the neighboring Ni ions. 15 The shoulder peak at the high energy side of the main line occurs because of nonlocal screening by electrons from a neighboring NiO 6 unit. Even the MSC model indicates an influence on the Ni 2p photoemission spectrum (PES), but is inadequate in describing screening phenomena in VB PES of NiO. It implies that in Li-doped NiO, the charge compensating holes are essentially empty O 2p states in the valence band in theoretical models mentioned above.
An alternative interpretation, however, has been proposed very recently. 16, 17 Taguchi et al. 17 extended the conventional single-site cluster model by introducing the Zhang-Rice (ZR) doublet bound state. They reported two types of screening channel in the final state of Ni 2p PES : (i) a local screening for the charge transfer between the Ni site and O sites within the core-excited NiO 6 cluster at higher binding energy to that of the main line; (ii) a nonlocal screening accompanied by a charge transfer between Ni site and the bound state, which is called the ZR doublet bound state for NiO at the Ni 2p mainline. The ZR doublet bound states arise through competition between O 2p -Ni 3d hybridization and the Ni on-site Coulomb interaction. In contrast, Taguchi et al. 17 showed that the complete line shape of Ni 2p core-level and VB PES spectra are well described by the ZR doublet bound states, which are formed at low energies. The Ni 2p 3/2 core-level PES spectrum of NiO is reported to have a complicated line shape consisting of a main peak (a), shoulder (b), and satellite structure (c). The origin of the peaks a, b, and c has been explained using the extended cluster model based on the configuration interaction (CI) theory (extended CI cluster model), which includes the ZR doublet bound states. 17 The Ni 2p 3/2 corelevel spectrum is well explained by the extended CI cluster model, in which peaks a, b, and c are mainly attributed to the final state configuration of the well-screened 2p 5 3d 9 Z and 2p 5 3d 9 L states and poorly screened 2p 5 3d 8 states, respectively. Here, Z and L denote a hole in the ZR doublet bound states and a hole in the O 2p ligand states, respectively. 17 
Hence, if Li
+ is doped, the charge compensating holes are ZR states. Therefore, the interpretation of the valence band of NiO is still controversial. In this Letter, we report our critical analysis of the nature of electronic states near E F of Li-doped NiO and addressed a fundamental issue mentioned above. The main objective of this experimental study was to fully describe the valence band and core-level electronic structure of Li x Ni 1−x O epitaxial thin films using the extended cluster model calculation. To achieve these goals, hard X-ray photoelectron spectroscopy (HAXPES) was employed. . The Li/Ni atomic ratios of the target and films were determined by inductively coupled plasmaatomic emission spectroscopy (ICP-AES), for which concentrated HCl was used as the solvent.
The HAXPES experiments were performed by employing a linearly polarized X-ray beam in the horizontal plane with a photon energy of 5.95 keV at the undulator beamline BL15XU 19 of SPring-8, Japan. The photoelectrons were collected and analyzed using a high-resolution hemispherical analyzer (VG Scienta R4000). The angle between the X-ray direction and the direction of the photoelectrons entering the analyzer was set to 90
• . The experiments were performed at room temperature. The total energy resolution was estimated to be 245 meV, which was confirmed by measuring the Fermi cut-off of an evaporated Au film. The binding energy was referenced to the Fermi-level (E F ) of Au. The take-off angle of the photoelectrons with respect to the sample surface was set to 88
• . The estimated inelastic mean-free-path of the photoelectrons was approximately 7.73 nm for NiO according to the TPP-2M formula. 20 Figure 1 shows the Ni 2p core-level spectra of NiO epitaxial thin films in which the peaks at 853.4, 855.4, 860.6, 870.8, and 879.6 eV are sequentially labeled a-e. The Ni 2p core-level spectrum of the NiO film was consistent with those reported in previous studies. 17 In the samples containing Li, the double-peak structure of a and b led to a broad appearance for the peaks following a decrease in the intensity of peak a. From our curve-fitting analysis using the pseudoVoigt function, the full-width-at-half-maximums (FWHMs) of peak a for the Li x Ni 1−x O films are large compared with that of the NiO film, whereas the FWHMs of Li 0.27 Ni 0.73 O and Li 0.48 Ni 0.52 O are almost the same. In addition, the same FWHMs values of peak b for the Li x Ni 1−x O and NiO films were obtained. With increasing Li content, the intensity ratio of b/a in the Li x Ni 1−x O thin films increased, whereas the intensity of peak c decreased. Furthermore, for x = 0.48, peaks a, d, and e were shifted to the higher binding energy side compared to those of the NiO thin film.
To address the origin of the observed behavior, fullmultiplet calculations within the framework of the extended CI cluster model, including the ZR doublet bound states, were then performed as described elsewhere. 17 The model was based on a NiO 6 cluster and included the charge transfer between the Ni 3d states and the ZR doublet bound states. As shown in Fig. 2 , the experimental spectra were made to fit the calculated data by changing the single parameter V * , which represents the hybridization strength between the Ni 3d states and the ZR doublet bound states. The remaining parameters were fixed at previously determined values, 17 namely, splitting in the O h symmetry is represented by 10Dq. The ratios of V (e g )/V (t 2g ) and V * (e g )/V * (t 2g ) were fixed to −2. Ni 2p core-hole potential was set to U dc = 7.7 eV. For all of the x values, the calculated results reproduced the intensities and relative energy positions for the experimental Ni 2p core-level HAXPES spectra. The change in the 3d electron number n d was then obtained from the calculated weights of the 3d components for all of the configurations and found to be n d = 8.328 for NiO, n d = 8.275 for Li 0.27 Ni 0.73 O, and n d = 8.261 for Li 0.48 Ni 0.52 O. Note that the 3d electron numbers did not vary proportionally with the Li content of the thin film samples. This result arises because of the coexistence of Li in both substitutional and interstitial sites for the oxygen vacancies. According to the extended CI cluster model calculations, the main peak a is mainly attributed to the 2p 5 3d 9 Z configuration in the photoemission final states. The calculations also clearly showed peak intensity decreased with decreasing V * , and that the hybridization strengths V * for Li x Ni 1−x O with x = 0.27 and 0.48 were smaller than that of NiO. These results strongly suggest the reduction of the ZR doublet bound states upon Li doping, because the square of V * is proportional to the density of states of the ZR doublet bound states.
Also note that the b/a intensity ratios of the Ni 2p 3/2 corelevel spectra for Li x Ni 1−x O were nearly the same as the Li/Ni ratios estimated via ICP-AES. These results indicate that the decrease in peak a (mainly attributed to the 2p 5 3d 9 Z states) arises from the reduction in the ZR doublet bound states due to Li substitution at Ni sites. The peak a width broadenings are, however, not explained by our CI cluster model of the Li x Ni 1−x O epitaxial thin films. As shown in Fig. 3 , the ZR doublet bound state ("Z") was on top of the valence band in NiO. These states originate from the strong mixing between the Ni 3d and O 2p states and the strong Coulomb interaction in the Ni 3d states. The reduction of the ZR doublet bound states results in hole injection into the top of the valence band. film consisting of peaks labeled A, D, E, and F, and the intensities of peaks B and C clearly decreased with Li substitution of NiO. Furthermore, the intensities of peaks E and F at x = 0.48 appeared to be considerable. Taguchi et al. 17 assigned structures A and B in the valence band region to the 3d 8 Z final states. The decrease in the intensities of peaks A and B is consistent with the reduction in the estimated 3d electron number n d upon Li substitution. Moreover, structures C and D were assigned to a mixture of the dominant 3d 7 and 3d 8 L components of the final states. At this point, the structures E and F for the Li 0.48 Ni 0.52 O thin film near 10.5 eV and 12.8 eV remain unexplained.
In conclusion, the electronic structures of Li x Ni 1−x O with different lithium contents were investigated by analyzing their core-level and valence band HAXPES spectra. The observed core-level and valence-band spectra were interpreted using an extended CI cluster model, which included the ZR doublet bound states. The increased intensity ratio of the shoulder to the main peak (b/a) for the Ni 2p core-level spectra with increasing Li substitution was explained by the reduction of the ZR doublet bound states, which are sensitive to the main peak intensity decrease of the Ni 2p corelevel spectra upon Li doping. That is, our calculation clearly revealed that the intensity of the main peak in the Ni 2p core-level spectra decreased with V * , indicating a smaller hybridization strength for the Li-substituted NiO thin films. In   FIG. 4 . Valence band HAXPES spectra of Li x Ni 1−x O epitaxial thin films for x = 0, 0.27, and 0.48. addition, the reduction in the calculated 3d electron number n d was consistent with the decrease in the intensity of peaks A and B for the 3d 8 Z final state configuration in the valence band spectra.
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